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Summary

An investigation was performed to evaluate leading-
and trailing-edge flap deflections for optimal aero-
dynamic performance of a High-Speed Civil Transport
concept during takeoff and approach-to-landing condi-
tions. The configuration used for this study was designed
by the Douglas Aircraft Company during the Supersonic
Cruise Aircraft Research program of the 1970’s. A
0.1-scale model of this configuration was tested with
both the original leading-edge flap system and a new
leading-edge flap system which was designed with mod-
ern computational flow analysis and optimization tools.
Leading- and trailing-edge flap deflections, which opti-
mized aerodynamic performance, were generated for the
original and modified leading-edge flap systems with the
computational flow analysis and optimization tools.
Although wind-tunnel data indicated dramatic improve-
ments in untrimmed aerodynamic performance (relative
to the cruise configuration) using the analytically derived
leading- and trailing-edge flap deflections for both
leading-edge flap systems, analysis of the aerodynamic
data indicated further improvements in performance
could be achieved. Various perturbations of the analyti-
cally derived leading-edge flap deflections were investi-
gated and significant additional improvements in
aerodynamic performance were achieved.

In addition to the aerodynamic performance optimi-
zation testing, stability and control data were also
obtained. An evaluation of the crosswind landing capa-
bility of the aircraft configuration was conducted and
revealed that insufficient lateral control existed as a
result of high levels of lateral stability combined with
inadequate levels of roll control. Deflection of the
leading- and trailing-edge flaps improved the crosswind
landing capability of the vehicle considered; however,
additional improvements are still required.

Introduction

The advantage of comimercial transpacific flight with
block times of 4 to 6 hours has generated renewed inter-
est in developing a viable supersonic commercial trans-
port. Recent studies (refs. 1 and 2) have identified the
potential economic benefit of a high-speed civil transport
(HSCT) resulting from continued population growth and
economic expansion of the Pacific-rim countries. Signifi-
cant environmental and economic constraints to HSCT
operations need to be met, however, for this aircraft to
become a viable commercial transport vehicle.

A major constraint on HSCT operations is the Fed-
eral Aviation Regulation (FAR) Part 36 Stage 3 noise
restrictions (ref. 3), which define maximum allowable
takeoff and landing noise levels, based on aircraft takeoff

weight, and are anticipated to be applied to HSCT air-
craft certifications. Additionally, the projected subsonic
fleet existing at the time the HSCT would enter service
could be even quieter than Stage 3 levels. This could lead
to problems for HSCT aircraft if they are significantly
louder than their subsonic competitors and could cause
restrictions to be placed on their operations. Although
engine noise can be theoretically reduced to acceptable
levels by using advanced suppressor technology, the
resulting suppressors can add greatly to the weight and
cost of the vehicle. The work of references 4 and 5, con-
ducted as part of the High-Speed Research Program
(HSRP), has shown that improved low-speed aerody-
namic performance can reduce the amount of noise sup-
pression required for an aircraft to meet Stage 3 noise
restrictions. Improved low-speed aerodynamic perfor-
mance can significantly reduce the complexity and
weight of engine noise suppressers and reduce aircraft
takeoff weight.

In addition to potential problems meeting Stage 3
noise restrictions, this class of vehicle also exhibits (1) a
marked break in longitudinal stability (referred to as
pitch-up), (2) excessive effective dihedral and inadequate
lateral control (making crosswind landings difficult),
(3) low directional stability which can result in oversized
vertical tails, and (4) poor low-speed lift characteristics
which require operations at high pitch attitudes. For
example, because of high takeoff and approach-to-
landing pitch attitudes, the Concorde requires a “visor
nose” to achieve acceptable pilot visibility. The Con-
corde, however, pays a significant weight penalty as a
result of this.

The objective of the present investigation was to
address these issues and assess improvements in low-
speed performance (lift-drag ratio and suction parame-
ter), stability, and control through the use of optimized
leading- and trailing-edge flap deflections. The 0.1-scale
model used in this investigation was originally built and
tested in the late 1970’s as part of the Supersonic Cruise
Aircraft Research (SCAR) program. Results of that study
are contained in reference 6. To rapidly evaluate
advanced leading-edge flap design methods and deflec-
tion optimization codes, this model was refitted with
a new leading-edge flap system. The model was subse-
quently tested in the Langley 30- by 60-Foot Tunnel and
evaluations, both aerodynamic performance and stability
and control, were made of both the original and modified
leading-edge flap systems in conjunction with wing
trailing-edge flaps and an all-moving horizontal tail. The
model also included 270 upper and lower surface pres-
sure orifices. The main focus of the present study was on
the evaluation of two flap systems: the original leading-
edge flap system with its constant-chord flaps and a new
leading-edge flap system developed by the Douglas



Aircraft Company (DAC). This new flap system, which
had an inversely tapered inboard segment and a normally
tapered outboard segment, was developed by using sev-
eral linear design codes which were developed at the
Langley Research Center. Leading-edge flap deflection
schedules for both leading-edge flap systems were then
developed with these new design methods and experi-
mentally evaluated and optimized.

Symbols

All data were initially obtained in the stability axis
system. Longitudinal forces and moments in this report
are presented in the stability axis system, and lateral-
directional forces and moments are presented in the body
axis system.

B>

AR aspect ratio, 5

b wing span, ft

Cp drag coefficient, qu_;g

ACp =Cp- CD,o

Cpmin minimum drag coefficient

Cpo drag coefficient of equivalent symmetric
configuration (without twist or camber) at
zero lift Lif

C lift coefficient, (‘;_St

Cp lift-curve slope per degree

Rolling moment

o rolling-moment coefficient, 456
AC incremental rolling-moment coefficient
Cn pitching-moment coefficient,
Pitching moment

gsc .
C, yawing-moment coefficient, mmagT__rlI;mnem
AC, incremental yawing-moment coefficient
C, pressure coefficient, P _(7 -
Cy side-force coefficient, Sld%#
ACy incremental side-force coefficient
c local wing chord, ft
c mean aerodynamic chord, ft
cr local flap chord, ft
LD lift-drag ratio
p local static pressure, 1b/ft?
DPoo free-stream pressure, 1b/ft?
q free-stream dynamic pressure, Ib/ft?
S wing area, ft*

S5 wing leading-edge suction parameter

Vminapp Minimum-approach speed, knots

Vapp approach speed, knots

x/c fraction of chordwise location as measured
from wing leading edge

y span ordinate, ft

a angle of attack, deg

B angle of sideslip, deg

o4 aileron deflection, positive for left
roll, %R—;—M , deg

845 symmetric aileron deflection, positive trailing
edge down, deg

oy horizontal tail deflection, positive trailing
edge down, deg

Sje leading-edge flap deflection, positive leading
edge down, deg

8, rudder deflection, positive trailing edge left,
deg

O trailing-edge flap deflection, positive trailing
edge down, deg

n semispan location, %bz

Stability derivatives:

aC oC aC

C15=-a—Bl C"Bza—ﬁn CYB:B_BY

Subscripts:

L left

R right

Abbreviations:

BL butt line, in.

FS fuselage station, in.

IB inboard

LE leading edge

mod modification

OB outboard

seg leading-edge flap segment

TE trailing edge

WL waterline, in.

Model components:

B body

B' body with new forebody

H horizontal tail

LEF1 original leading-edge flap



LEF2 modified leading-edge flap
N nacelle

v vertical tail

V* vertical tail and ventral

W wing

Model

The model was a (.1-scale version of a supersonic
transport aircraft configuration (fig. 1). The geometric
characteristics of the model are presented in table I
Details of the design of the camber and twist distribu-
tions for the original wing can be found in reference 7.
The original configuration incorporated a highly swept
cranked-arrow wing (leading-edge sweep of 71°IB/
57°0B) with leading- and trailing-edge flaps. Installation
of an alternate leading-edge flap resulted in a
leading-edge sweep of 68°IB/58°0OB and moved the
location of the leading-edge break inboard from
63.6 percent to 60.5 percent semispan. The modified
leading edge was designed such that camber and twist
were nearly the same as for the original wing. Each
leading-edge flap was divided into four segments inboard
and two segments outboard of the crank. Leading-edge
flap segments were numbered consecutively from
inboard to outboard (1 through 6). The baseline leading-
edge flap had a constant chord and was segmented with
cuts normal to the flap hinge line. The modified flap
chord was inversely tapered inboard of the crank and
conventionally tapered outboard. Unlike the baseline
flap, the alternate flap was segmented with streamwise
cuts. In addition, the outer panel was modified to reduce
the outer panel hinge-line sweep slightly. The wing trail-
ing edge was divided into three movable surfaces: two
single-slotted trailing-edge flaps and a simple aileron
(the most outboard trailing-edge surface). A schematic of
how the leading- and trailing-edge flaps were mecha-
nized is shown in figure 1(b). Two removable flow-
through engine nacelles were located on each wing semi-
span. The configuration also included a vertical tail with
rudder, fixed ventral fin, and an all-moving horizontal
tail. The right wing was instrumented with up to 270
pressure ports for measuring wing surface pressures.
These pressure ports were distributed along five stream-
wise rows on both the upper and lower wing surface. The
relative spanwise positions of the five rows of pressure
ports are shown in figure 2. A complete listing of each
pressure port location (spanwise and chordwise stations)
can be found in table II.

Tests and Corrections

Tests of the 0.1-scale model of a supersonic trans-
port aircraft configuration were conducted in the Langley

30- by 60-Foot Tunnel at a dynamic pressure of 10 1b/f2,
which resulted in a Reynolds number per foot of
0.595 % 10%. A photograph showing the test setup is pre-
sented as figure 3. Force, moment, and surface pressure
data were obtained at angles of attack from about —4° to
25° and angles of sideslip of 0°, +5°, and —5°. Force and
moment data were measured with an external balance
system,; pressures were measured with an electronic pres-
sure sensing system.

During the previous tunnel entry of this configura-
tion (ref. 6), the model was tested upright and inverted.
Information from these tests was used to calculate tares
that were applied to drag, pitching moment, rolling
moment, and yawing moment to account for aero-
dynamic forces on the exposed portion of the support
struts and to correct for interference effects of the struts
on lift, drag, and pitching moment. The data were also
corrected for tunnel blockage and flow angularity with
information from this previous entry by using the method
of reference 8. A buoyancy correction, determined in ref-
erence 6, was also applied to the drag data. Tests of simi-
lar configurations (refs. 9 and 10) showed jet boundary
corrections to be negligible and therefore unnecessary.

Leading-Edge Suction Parameter

Early in the High-Speed Research Program (HRSP),
it was clear that virtually all wind tunnel testing con-
ducted on HSCT configurations would be at Reynolds
numbers well below full-scale values. In order to mini-
mize the effect of Reynolds number when evaluating
high-lift systems at various test conditions, the leading-
edge suction parameter was chosen as a figure of merit.
The suction parameter, which is basically a measure of
lifting efficiency, is defined as

C, tan(C,/C; )~ACp
S, = 2

S

C, an(C,/Cy )~ (C7/mAR)
where ACp is the measured drag minus Cp ,, which is

2
(CL)CD,min
Do = TRAR

This parameter can be further explained with the aid of
figure 4. The lower bound Cp ,+C) tan(Cr/Cr ),

which represents 0 percent leading-edge suction, is the
theoretical drag on a symmetric wing with full leading-
edge separation and no subsequent flow reattachment.
The upper bound Cp ,+ (Ci/nAR), which represents
100 percent leading-edge suction, is the theoretical mini-
mum induced drag. Further discussion on the employ-
ment of the leading-edge suction parameter as applied to
this type of vehicle can be found in references 11 and 12.
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The ultimate goal in this area of the HSRP is to achieve a
value of 0.92 for S; on HSCT-type aircraft at operation-
ally useful lift coefficients for takeoff and approach-to-
landing conditions.

Development of Modified Planform

The development of the alternate leading edge for
the DAC 2.2 configuration utilized several design codes
developed at the Langley Research Center. A vortex flap
design code (refs. 13 and 14), codes for designing
(SWDES) and analyzing (AERO2S) attached flow flaps
(ref. 15), and geometric constraints were employed by
DAC to develop a leading-edge flap system that would
promote attached flow at takeoff and approach-to-
landing conditions and also take advantage of any vorti-
cal flow emanating from the wing leading edge. The
leading-edge suction parameter, as defined in the previ-
ous section, was used as a figure of merit for the design
process. Based on projected weight and desired takeoff
and landing velocities, a design lift coefficient of 0.5 was
chosen for design purposes.

The first step in the process was to determine a flap
chord distribution. An initial chord distribution (desig-
nated flap F1) was determined by using the vortex flap
design code (VFD). Figure 5(a) shows F1 and the subse-
quent intermediate flap geometries, as well as the final
flap (LEF2) geometry, for comparison with the original
leading-edge flap system. At this point in the design pro-
cess, the original wing leading-edge sweep was held
fixed and the flap hinge-line location was allowed to
vary. Deflections for F1 were optimized by using
SWDES, but when the results were analyzed this flap
geometry was found not to perform any better than the
analytically optimized original leading-edge flaps. The
inboard chord of the F1 flap was then lengthened and the
deflections reoptimized. Again, the performance was
similar to the original flap.

Theorizing that a larger flap chord was needed near
the leading-edge break and on the outboard panel to
improve performance, flap F2 was designed by using les-
sons learned from past studies. At this point, structural
constraints (e.g., leading-edge spar location) were not
considered; however, the inboard leading edge was con-
strained to have a sweep of not less than 68° and the out-
board leading-edge sweep was limited to between 55°
and 60°. Optimization and analysis of this flap showed a
7-percent improvement in S, over the original flap.

With the geometry of F2 as a guide, a second flap
design cycle using VFD was performed. This time the
original hinge line was held constant and the local wing
leading-edge flap chord was allowed to increase; this
resulted in a flap (F3) with a curved leading edge and an
outboard panel sweep of 61.5°. The distribution of ¢;/c
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for F3 was then used as a starting point for a series of
iterations that incorporated the following structural and
geometry constraints: (1) c//c at tip not to exceed 0.3
(structural); (2) cf/c at leading-edge break not to exceed
0.33 (structural); (3) straight inboard leading-edge sweep
greater than 68° (geometry); (4) outboard leading-edge
sweep between 55° and 60° (geometry); and (5) mini-
mum modifications to the existing model and flap hinge
line. Final optimization of deflections by using SWDES
resulted in a configuration with a straight wing leading
edge that gave nearly the same performance as the unre-
stricted (curved leading edge) design. This final flap
design was then incorporated into the existing DAC 2.2
model and designated LEF2. The distribution of leading-
edge flap chord for both the original (LEF1) and modi-
fied (LEF2) configurations is shown in figure 5(b).

Results and Discussion

Longitudinal Characteristics of Original DAC 2.2
Planform

Leading- and trailing-edge flap effects. The first
phase of the present investigation evaluated the improve-
ments in performance that could be obtained with the
original DAC 2.2 leading-edge flap system. Table III
gives all the leading-edge flap deflections tested. The
experimental optimization process used the results from
SWDES and AERO2S as a starting point about which
some predetermined variations in leading-edge flap
deflection were tested. The results from these initial stud-
ies are presented in figures 6 and 7. Although the design
C; was (.5, the range of lift coefficients of interest for
HSCT applications in general is 0.4 to 0.8. As can be
seen in figure 6, both Schedule R (the best performing
leading-edge schedule from ref. 6) and the AERO2S
optimized leading-edge flap deflections resulted in sig-
nificant increases in the suction parameter over the range
of C; from 0.4 to 0.8 when compared with the un-
deflected leading edge. The AERO2S schedule, which
performed just better than Schedule R, did not show the
magnitude of improvement that AERO2S had predicted
(AERO2S predicted S; = 0.82 at C; = 0.5). The effect of
leading-edge flap deflection on lift and pitching moment
is also shown in figure 6. As expected, leading-edge flap
deflection tended to decrease the severity of the pitch-up
at the higher lift coefficients and increased the angle of
attack necessary to achieve a given C;. Also presented in
figure 6 are the theoretical predictions made by the
AEROZ2S code. Although the trends in lift and pitching
moment were characterized reasonably well, drag (and as
a result, suction parameter) was not well predicted. This
poor prediction is likely due to the fact that AERO2S
models the break between leading-edge flap segments as
streamwise cuts, whereas the actual model flap breaks
were perpendicular to the flap hinge line.



Because it was recognized that the optimum leading-
edge flap deflection would likely be some perturbation
about the AERO2S schedule, a series of experimental
runs was made to look at the sensitivity of the suction
parameter to small changes in leading-edge flap deflec-
tion. Four variations of the leading-edge flap schedule
were investigated: two proportional variations and two
twist variations. The proportional variations were 90 per-
cent and 110 percent of the AERO2S deflection angles.
One of the twist variations evaluated the effect of
decreasing flap deflections inboard while increasing
them outboard. This evaluation resulted in the following
deflection schedule: segment 1 deflected 90 percent of
the AERO?2S deflection; segment 2 deflected 95 percent;
segments 3 and 4 unchanged; segment 5 deflected
105 percent; and segment 6 deflected 110 percent of the
AERO2S deflection. The other twist variation simply
reversed this schedule. As can be seen in figure 7, these
variations generally had only a small impact on the lift
and pitching-moment characteristics of this configura-
tion. The twist variation with increased inboard flap
deflection, however, did show an increase in the suction
parameter of about 0.04 at the design C;. Although this
improvement may seem insignificant, small changes in
the suction parameter can result in improvements in low-
speed performance as seen in figure 8, which shows
results on a similar configuration from reference 11 and
illustrates the effect of leading-edge suction S; on L/D.

The effect of trailing-edge flap deflection on the lon-
gitudinal characteristics is shown in figures 9(a) and (b)
for the leading edge undeflected and the optimum
leading-edge deflection, respectively. As can be seen in
figure 9(a), without leading-edge flap deflection, maxi-
mum untrimmed suction parameter (S;=0.69) at the
design C; would be achieved with §,, between 20° and
30°. With the leading-edge flaps deflected to their exper-
imentally derived optimum settings, the suction parame-
ter at the design C; is maximized (S; = 0.82) between
trailing-edge flap deflections of 13° and 20° (fig. 9(b)).
Examination of the pitching-moment characteristics in
figure 9(b) indicates a download on the horizontal tail
would be required to trim the configuration and, as is dis-
cussed in detail later, would have a detrimental effect on
overall vehicle performance.

An evaluation was also made of the use of symmet-
ric aileron deflection for improving the performance
characteristics of the outboard panel of the wing. The
results shown in figure 10 indicate only a slight improve-
ment in wing performance at the design C;. When
weighed against the reduction in roll control power asso-
ciated with symmetric aileron deflection, this improve-
ment was decided not to be large enough to warrant using
the ailerons as part of the high-lift system.

Configuration buildup and horizontal tail effective-
ness. Figure 11(a) shows the effect of the horizontal and
vertical tails on the longitudinal characteristics of the
cruise configuration. It is interesting to note that the addi-
tion of the horizontal tail (§; = 0°) resulted in only a
small change in the pitching-moment stability. The
downwash from the wing is believed to result in a flow
angle at the horizontal tail that is nearly constant with
angle of attack. Flow surveys conducted on a similar
configuration (ref. 10) substantiate this assumption. This
effect also holds true when the leading- and trailing-edge
flaps are deflected (fig. 11(b)). The primary effect of
adding the empennage surfaces to the configuration was
to increase drag. This effect shows up in figure 11 as a
decrease in the suction parameter at the lower lift
coefficients.

Horizontal tail effectiveness (the change in pitching
moment with horizontal tail deflection) is shown with
and without flap deflection in figure 12. For the cruise
configuration (fig. 12(a)), horizontal tail effectiveness is
linear at all angles of attack for the range of surface
deflections tested. As would be expected, negative
deflections (trailing edge up) significantly decrease the
overall configuration untrimmed performance as indi-
cated by the suction parameter. This reduction in perfor-
mance results from an increase in overall drag. This drag
increase results from an increase in angle of attack in
order to achieve the desired lift coefficient and from the
increased horizontal tail deflection. The increase in lift
associated with positive tail deflections, however,
reduces angle of attack enough to offset the increase in
drag due to the increased horizontal tail deflection and
results in small improvements in performance. With the
leading- and trailing-edge flaps deflected, the horizontal
tail effectiveness is similar to that of the cruise configura-
tion although there is a slight reduction in effectiveness
for positive deflections. The suction data show, however,
that configuration performance decreases with positive
deflections above 5° as well as negative deflections.
Although the range for horizontal tail deflection from 0°
to 5° produces the highest levels of suction over the
entire test angle-of-attack range, it results in trimmed lift
coefficients of 0.6 to about 0.7. The decrease in suction
parameter at these high lift coefficients is much more
than the decrease which results from using negative tail
deflections to trim the configuration at C; = 0.5.

Longitudinal Characteristics of Modified
DAC 2.2 Planform

Leading- and trailing-edge flap effects. An optimi-
zation of the leading-edge flap system of the modified
DAC 2.2 planform was conducted and the results are
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shown in figure 13. Based on the results from the original
planform, three variations of the deflections developed
during the theoretical design process were investigated:
95 percent of the AEROQ2S deflections; segment
1 deflected 110 percent, segment 2 deflected 105 per-
cent, segments 3 and 4 unchanged, and segments S and 6
deflected 95 percent of the AERO2S deflections; and a
deflection schedule that minimized the discontinuities
between flap segments. (See table III for the flap deflec-
tions tested.) The effect of deflecting the leading-edge
flap was similar to the effect seen for the original leading
edge. Figure 13 shows that each of the four leading-edge
flap schedules increased S; by about 0.2 at the design C;
of 0.5 over that obtained with leading-edge flaps unde-
flected. A decrease in the severity of the pitch-up as well
as an increase in the angle of attack needed to achieve a
given C; was also seen. A close examination of the suc-
tion parameter shows that, like the original leading edge,
some improvement in the levels of suction could be
achieved by experimental optimization. Once again, the
theoretical predictions made by AERO2S are also pre-
sented for comparison (fig. 13). As with the original
planform, predictions of lift and pitching-moment char-
acteristics are reasonably good. Unlike the original plan-
form, however, the performance predictions are
reasonably good also. Although somewhat optimistic, the
shape of both the drag and suction parameter curves
match well with the experimental data. This match can
be attributed to the fact that the modified planform was
built to match the AERO2S model (both used streamwise
breaks between flap segments).

For the modified planform, the optimum deflection
schedule was the one that minimized the discontinuity
between adjacent flap segments (1.45 to 0.95 AERO2S).
As aresult of the change in hinge-line sweep between the
inboard and outboard panel, however, the gap between
segments 4 and 5 was very large with the flaps deflected.
In order to see the real benefit of minimizing the discon-
tinuity between flap segments, it was recognized that this
gap would need to be faired. The model was tested with a
simple filler between segments 4 and 5 (table HI), and
the results are shown in figure 14. As can be seen, an
additional increase in suction parameter (approximately
0.03) was realized by eliminating the discontinuities
between flap segments. Lift characteristics show little or
no impact due to filling this gap; therefore, the benefit is
assumed to be derived from a reduction in drag only.
Also, a change in the pitching-moment characteristics
occurred which would result in a lower trimmed drag

penalty.
Like the original leading edge, the untrimmed
suction parameter for the modified planform without

leading-edge deflections was maximized with trailing-
edge flap deflections between 20° and 30° (fig. 15(a)) at
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S, =0.69. With leading-edge flaps deflected (fig. 15(b)),
the optimum trailing-edge deflection at the design Cj is
15°, as was predicted by SWDES. This trailing-edge flap
deflection also results in a longitudinally trimmed con-
figuration. The use of symmetric aileron deflection was
also examined for the modified planform (fig. 16) with
the same result as was seen for the original wing: a slight
increase in untrimmed performance, additional nose-
down pitching-moment increment, and potential cross-
wind problems due to reduced roll control.

In order to assess the need to deflect both the inboard
and outboard leading-edge flaps, several runs were made
with partial span leading-edge flap deflections. The data
from these runs and runs with zero leading-edge deflec-
tion and the optimum leading-edge deflection are shown
in figure 17. As can be seen at the design C; of 0.5, the
inboard flaps alone produced about half of the improve-
ment seen for the optimum deflections. At this same lift
coefficient, however, the outboard flaps alone provided
very little improvement in the suction parameter. This
result indicates that there is a synergistic relation
between the inboard and outboard flaps (the whole is
greater than the sum of the parts) and that deflection of
the entire leading edge is necessary to achieve reasonable
improvements in wing performance. Examination of the
pitching moment in this figure also shows, as expected,
that the pitch-up characteristic is alleviated by inboard
flap deflection, which reduces leading-edge vortex
strength.

Configuration buildup and horizontal tail effective-
ness. There was a marked difference in the effect of the
horizontal and vertical tails on the modified planform
longitudinal characteristics as compared with that on the
original wing. Whereas the original wing showed signifi-
cant changes in the suction parameter with the addition
of the horizontal and vertical tails, the modified wing
showed much smaller variations (fig. 18(a)), particularly
between C; = 0.2 and 0.4. The horizontal tail also had a
slight stabilizing effect on pitching moment which was
most pronounced at the lower lift coefficients. With the
leading- and trailing-edge flaps deflected (fig. 18(b)),
there was even less change in the suction parameter. The
horizontal tail was again stabilizing but primarily at the
lower lift coefficients.

Figure 19 shows the effect of horizontal tail deflec-
tion on the longitudinal characteristics for the modified
planform with leading- and trailing-edge flaps deflected.
As expected, horizontal tail effectiveness was fairly lin-
ear with surface deflection. Once again, there is a slight
reduction in effectiveness for positive horizontal tail
deflections with the highest levels of suction over the
entire test angle-of-attack range produced with horizontal
tail deflections between 0° and 5°. These deflections



trim, however, at lift coefficients of 0.7 to about 0.8. The
decrease in suction parameter at these high lift coeffi-
cients, as was true for the original planform, is much
more than the decrease which results from using negative
tail deflections to trim the configuration at C; =0.5.

Comparison of Original and Modified Planforms

The cruise and high-lift configurations for both the
original and modified planforms are presented in fig-
ure 20. As can be seen, the lift and pitching-moment
characteristics of the two planforms, with and without
flap deflections, are similar with only slight differences
in pitching moment and lift coefficient at the higher
angles of attack. The suction parameter for the two cruise
configurations is also similar near C; = 0.4. Below this
value of lift coefficient, the performance of the modified
planform drops off significantly. The performance char-
acteristics for the two high-lift configurations do show
some interesting differences. The original planform
achieves a much higher maximum level of suction than
the modified planform. This occurs, however, at a lift
coefficient that may be too low to be of significant bene-
fit for the anticipated weight and operational limitations
of an HSCT configuration. Note that the level of suction
decreases rapidly with increasing lift coefficient. In con-
trast, not only is the suction peak for the modified plan-
form much closer to the design Cj, the decrease in
suction with increasing lift coefficient is less than the
original planform.

In order to make an overall assessment of the design
process and the improvement in technology since the
SCAR program, the suction parameter for the original
and modified planforms is presented in figure 21. This
figure presents the percentage improvement in
untrimmed S; over the performance of Schedule R
(experimentally determined) on the original planform at
the design C; of 0.5. Also shown is the improvement
predicted by the AERO2S code. The predicted results
use the value of suction determined by AERO2S for
Schedule R as a point of reference, whereas the experi-
mental results use the value of suction determined in the
wind tunnel for Schedule R. For the original planform it
was predicted that a 5.1-percent improvement in perfor-
mance could be achieved simply by optimizing the
leading-edge flap deflections. When this predicted set of
deflections was tested, only a 2.5-percent improvement
was realized. Experimental perturbations about the pre-
dicted flap setting eventually produced an 8.6-percent
improvement over Schedule R. Note that these optirnized
flap deflections were quite different from the Schedule R
settings and the predicted deflections were important as a
starting point in the experimental optimization process.
The improvement in performance predicted by AERO2S
for the modified planform was 11.5 percent. As was true

for the original planform, the realized improvement in
suction for this configuration was less than predicted
(9.5 percent). Experimental optimization, including
fairing the gap between the inboard and outboard
leading-edge flaps, resulted in an improvement over
Schedule R of 15.8 percent. The improvement obtained
by experimentally optimizing the leading-edge flap
deflection when compared with the AERO2S deflections
was similar to that obtained during the experimental opti-
mization of the original planform. This sirnilarity indi-
cates that the modifications to the planform played a
significant role in the performance improvements seen
during this test and illustrates the potential that can be
achieved by using the newer design tools, in conjunction
with wind tunnel experiments, to develop high-lift sys-
tems for HSCT configurations.

Pressure Data

Wing surface pressure data were obtained for most
of the wind tunnel experimental runs. Because of the
large volume of data obtained, only data pertaining to
significant points discussed in the previous sections are
presented. The pressure data presented form a summary
of the findings determined from the force data and fur-
ther illustrate the effect of optimized leading- and trail-
ing-edge flap deflections. Refer to figure 2 for the
locations of wing surface pressure orifice rows. Angles
of attack, at which surface pressure data are presented,
are limited to values which produced lift coefficients just
above and below the design lift coefficient of 0.5.

Wing surface pressure distributions for the original
DAC 2.2 planform are shown in figure 22 with leading-
and trailing-edge flaps undeflected for the angle-of-
attack condition described previously. This figure illus-
trates the basic flow problems encountered by highly
swept cranked-arrow wings. As can be seen in
figures 22(a) and (b), the outboard wing upper surface is
completely separated as indicated by the pressure distri-
bution for n = 0.877. Additionally, vortex separation is
apparent for 1 = 0.492 and 0.638, with the approximate
vortex locations at these spanwise stations indicated by
the pressure peaks at x/c = 0.35 and 0.40. The coales-
cence of surface pressure values for the upper and lower
surfaces aft of the vortex location is indicative of
completely separated flow for wing stations n = 0.492
and 0.638.

The deflection of leading- and trailing-edge flaps to
experimentally determined optimal positions for the orig-
inal DAC 2.2 planform produced the results shown in
figure 23. From this figure, a significant increase in local
wing lift is apparent on the outboard section of the wing
as indicated by the enhanced surface pressure distribu-
tion at 1 = 0.877. Also, the large region of separated flow
observed in figure 22 at station 1 = 0.492 is no longer
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evident for deflected leading- and trailing-edge flaps.
However, some vortex separated flow may still exist for
1 = 0.638 and 0.877. The spreading of the wing lift over
the entire wing span favorably alters the wing wake,
which reduces drag and greatly improves the level of S,.
Interpolating values of S, to the design lift coefficient of
0.5 produced levels of S; = 0.402 and 0.813 for the unde-
flected and deflected leading- and trailing-edge flaps,
respectively. Although a dramatic improvement in S; was
achieved for deflected leading- and trailing-edge flaps,
some overdeflection was apparent for the inboard
leading-edge flap sections. The overdeflection is indi-
cated by the relatively high negative surface pressures
existing for n = 0.263, 0.492, and 0.638 at the extreme
forward locations on the lower surface of the leading-
edge flaps.

Additional improvements in S; were realized by
deflecting the ailerons symmetrically. Figure 24 presents
the wing-surface pressure distribution for the same
leading- and trailing-edge flap deflections used in figure
23 but with §,; = 10°. Symmetric aileron deflection
reduced the angle of attack required to generate the
design C;, and also alleviated the overdeflection problem
of the inboard leading-edge flap segments. Both these
effects were significant; however, the alleviation of the
apparent overdeflection of the inboard leading-edge flap
segments was particularly interesting given the fact that
the angle of attack necessary to achieve the design C;
was reduced approximately 0.6° from that for 8, ; = 0°.
Generally, lower angles of attack would exacerbate the
overdeflection of the inboard leading-edge flaps, but
apparently symmetric aileron deflection increased the
upwash angle at the leading edge more than it reduced
the angle of attack. Similar results were observed in ref-
erence 16; however, in those tests the effects of inboard
trailing-edge flap deflection influenced the upwash
mainly at the outboard sections of the wing. Increasing
symmetric aileron deflections to d,; = 20° yielded no
significant increase in S; but did decrease the angle of
attack required to generate the design C; by approxi-
mately 0.4°. Figure 25 presents wing surface pressure
data for &, ; = 20°. Examination of this figure reveals no
significant differences in pressure distribution between
8,5=20°and §, = 10°.

A similar analysis of results, as performed for the
original DAC 2.2 planform, was conducted for the modi-
fied planform. Figure 26 presents results for the unde-
flected leading- and trailing-edge flap condition.
Comparing figure 22 with figure 26 shows very similar
results for the two planforms, that is, vortex-dominated
flow acting on the inboard section of the wing and com-
pletely unorganized separated flow acting on the out-
board section.

Deflection of leading- and trailing-edge flaps to
experimentally optimized positions produced the data
shown in figure 27. From this figure, it can be seen that
the leading-edge flaps were very nearly aligned with the
local upwash angle for n = 0.125, 0.263, and 0.492 as
indicated by the coalescence of upper and lower surface
pressures near the leading edge and also by the smooth
increase of negative surface pressure on the upper sur-
face of the wing. Improved flow quality was also appar-
ent at the leading edge of the trailing-edge flaps and is
indicated by the increased negative surface pressure val-
ues acting in this area. This effect was much more pro-
nounced for the modified planform than for the original
DAC 2.2 planform. Interpolating values of S; to the
design lift coefficient of 0.5 produced levels of S, =
0461 and 0.831 for the undeflected and deflected
leading- and trailing-edge flaps, respectively.

An undesired feature of the modified planform was a
large gap which formed between leading-edge flap seg-
ments 4 and 5 when these flap segments were deflected.
A filler piece was fabricated and installed, which pro-
duced a relatively smooth surface between these leading-
edge flap segments. Surface pressure data for this config-
uration are presented in figure 28. Comparison of this
figure with figure 27 shows that the effect of filling the
flap gap on the surface pressure distribution was small
and that the resulting increase in S; was probably due to a
reduction of drag components which are not identifiable
from analysis of surface pressure distributions. The
effect of gap fairing increased S, from 0.831 to 0.866 at
the design lift coefficient of 0.5.

Similar symmetric aileron deflections, as evaluated
for the original DAC 22 planform, only slightly
increased S, for the modified planform. Figures 29 and
30 contain results for §, ; = 10° and 20°, respectively. A
significant increase in lift acting on the outboard section
of the wing is indicated by the improved surface pressure
distribution for 1, = 0.877. In addition, the slight over-
deflection of leading-edge flap segment 5, for the gap-
filled configuration with o, ; = 0° (fig. 28), is no longer
evident for 8, ; = 10° or 20°. Symmetric aileron deflec-
tions also reduced the angle of attack required to achieve
the design C;, as was demonstrated for the original plan-
form. However, symmetric aileron deflections for the
modified planform only had a significant effect on the
surface pressure distribution at 1 = 0.877, whereas a
much larger area was affected for the original planform.
As a result of the reduced area affected by symmetric
aileron deflections, the increase in S, was much smaller
than that for the original planform. Overall the increase
in §; due to symmetric aileron deflection was less than
1 percent and, with the possible sacrifice of lateral



control caused by symmetric aileron deflection, would
indicate the cost could outweigh the benefits.

Lateral-Directional Characteristics of Original
DAC 2.2 Planform

Lateral-directional stability. Although the primary
objective of the test program was to evaluate the effec-
tiveness of the two high-lift systems on longitudinal
characteristics, an examination of the lateral-directional
characteristics of this configuration was also made. The
effect of the various configuration components on
lateral-directional stability is shown in figure 31. All
sideslip derivatives in this paper were computed by using
data obtained at sideslip angles of +5° and —5°. As
expected, the wing dominated the lateral stability charac-
teristics (C; ). Variations in lateral stability due to the
horizonta! and vertical tail (including the ventral) were
slight and occurred primarily below a = 15°. The vortical
flows associated with highly swept wings, such as
employed with this configuration, result in relatively
high levels of lateral stability, particularly at takeoff and
approach-to-landing conditions. The impact of these high
levels of lateral stability as they relate to crosswind oper-
ations is discussed later. Although the vertical tail had lit-
tle effect on lateral stability, it did provide a substantial
stabilizing increment directionally. With the addition of
the vertical tail, the configuration exhibited stable direc-
tional characteristics up to o = 18°, which is greater than
takeoff and landing angles of attack but could possibly be
encountered during abnormal operating conditions. The
ventral fin increased directional stability slightly at the
lower angles of attack but did not extend the angle-of-
attack range over which the configuration was stable.

The effect of deflecting the leading- and trailing-
edge flaps is shown in figure 32(a) for the WBNLEF1
test configuration. In general, deflection of the flaps
resulted in a slight decrease in lateral stability for the
WBN test configuration. Flap deflections did not signifi-
cantly affect the level of directional stability although
they did increase the level of side force due to sideslip
angle. This effect is possibly due to the increase in pro-
jected vertical surface area caused by the deflection of
the leading-edge flaps. Since the centroid of the
increased projected area is near the moment reference
center, little effect on directional stability would be
expected. Flap deflection reduced the level of directional
stability, as shown in figure 32(b), over most of the test
angle-of-attack range for the complete test configuration.
This reduction is most likely a result of reduced dynamic
pressure at the vertical tail due to the larger wake gener-
ated by the high-lift system. Even so, directional stability
is maintained to at least & = 15°.

Lateral-directional control. The lateral-directional
control characteristics for the original planform are
shown in figures 33 through 36. Because of the relatively
high levels of lateral stability associated with HSCT-type
configurations, adequate roll control during crosswind
landing approaches is an issue. This concern stems from
an operations requirement which imposes a 30-knot
crosswind component capability for transport-type air-
craft (ref. 17). As can be seen from the data in fig-
ure 33(a), aileron effectiveness is maintained over the
entire angle-of-attack range. Deflection of the leading-
and trailing-edge flaps increased aileron effectiveness at
all angles of attack (fig. 33(b)). As can be seen more
clearly in figure 34, flap deflection significantly
increased the effectiveness of the ailerons over much of
the angle-of-attack range. A brief analysis of lateral trim
capability was performed for configurations with flaps
undeflected and flaps deflected. Required roll control
authority was assumed to be equal to the required
approach sideslip angle multiplied by the lateral stability
for each angle of attack as was done in reference 18. The
approach sideslip angle was based on an assumed
approach wing loading of 50 1b/ft> and employed the
30-knot crosswind component specified previously.
Maximum aileron deflection was limited to £20°, which
reserves approximately one third of maximum travel for
maneuvering control and stability augmentation. Results
from the roll trim capability evaluation, shown in
figure 35, indicate that, for the zero leading- and trailing-
edge flap deflections, a minimum approach speed of
238 knots would be required. Deflection of leading- and
trailing-edge flaps to the optimum schedule required an
approach speed of 196 knots, which is a reduction of
41 knots. Note that the yawing moments due to roll con-
trol were negligible, particularly for the high-lift
configuration.

Rudder effectiveness for this configuration is not
only linear but virtually independent of angle of attack
(fig. 36(a)). The level of yaw control is quite good and
would only require approximately 50 percent of maxi-
mum deflection to trim during crosswind landing
approaches. Leading- and trailing-edge flap deflection
had relatively little impact on rudder effectiveness
(figs. 35(b) and 37). The only effect, as might be
expected given the effect of flap deflection on directional
stability, was a slight reduction in rudder power for the
high-lift configuration.

Lateral-Directional Characteristics of Modified
DAC 2.2 Planform

Lateral-directional stability. The effect of compo-
nent buildup on the lateral-directional characteristics of
the modified planform is shown in figure 38. As can be
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seen, the addition of the horizontal and vertical tails had
a much greater effect on lateral stability than was true for
the original planform. At low angles of attack, both these
surfaces provided nearly equal stabilizing increments to
lateral stability. Directional stability starts to decrease,
however, at a lower angle of attack as compared with the
original planform. Although the modified configuration
becomes directionally unstable by o = 17° as did the
original planform, the original configuration maintains a
more constant level of stability until o = 15° followed by
a sharp decrease in directional stability. In contrast,
directional stability for the modified planform gradually
decreases after o = 5°. The model buildup data for the
modified planform were generated with the B' forebody,
which was designed to allow the testing of canards on
this configuration. Although the B’ forebody was manu-
factured from a casting of the B forebody, significant
differences were observed in the aerodynamic data,
depending on which forebody was selected. The effect of
different forebodies is discussed in detail later.

The effect of deflecting the leading- and trailing-
edge flaps is shown in figure 39. A significant decrease
in lateral stability can be seen over most of the angle-of-
attack range when the leading- and trailing-edge flaps are
deflected to the experimentally optimized positions.
Also, a marked decrease occurs in directional stability,
which results in the configuration becoming directionally
unstable by a = 13° as opposed to o = 17° for the cruise
configuration. These effects are, as were the component
buildup effects, much larger for the modified planform
than they were for the original leading-edge configura-
tion. As shown in figure 40, however, the lateral-
directional stability characteristics of the two planforms
when configured for optimized performance are essen-
tially the same. Note that figures 38 and 39 show data
obtained with the second forebody, whereas figure 40
shows data obtained with the original forebody.
Although the geometry of the two forebodies was
intended to be identical, slight differences due to manu-
facturing tolerances resulted in variations in lateral-
directional characteristics between the two sets of data.
These differences were consistently repeatable and
greater than could be accounted for by balance accuracy.
A comparison of the two forebodies for the optimized
performance configuration on LEF2 is shown in
figure 41. From this figure, it can be seen that installation
of the second forebody resulted in a slight destabilization
of both lateral and directional stability. This sensitivity to
forebody geometry is quite common for fuselages with
high fineness ratios.

Lateral-directional control. The aileron effective-
ness for the modified planform is shown in figure 42.
Roll control decreases slightly with increasing angle of
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attack, and the yawing moments due to aileron deflection
are essentially zero. With the flaps deflected, the aileron
effectiveness, unlike the original planform (shown in
fig. 34), is reduced over much of the test angle-of-attack
range (fig. 43). The directional control characteristics of
the modified planform (fig. 44) are nearly the same
as those presented earlier for the original planform
(fig. 35(b)); this is not unexpected given the location of
the vertical tail relative to the wing.

Because of the relatively high levels of lateral stabil-
ity that these configurations exhibit, either improving the
effectiveness of existing roll control devices, developing
new and more powerful control effectors, or permitting a
higher approach speed is necessary. To evaluate the
effect of increased approach speed, an analysis of mini-
mum approach speed was also conducted for the modi-
fied planform. Required roll control authority was again
assumed to be equal to the approach sideslip angle multi-
plied by the lateral stability for each angle of attack.
Maximum roll control available was again limited to
120° of aileron deflection. The approach sideslip angle
was based on an assumed approach wing loading of
50 1b/ft? and employed the 30-knot crosswind compo-
nent previously specified. This calculation was carried
out for each angle of attack. Figure 45(a) shows that with
flaps undeflected a minimum approach speed for the
modified planform would be 258 knots. Results for the
modified planform with leading- and trailing-edge flaps
deflected to the experimentally optimized positions
(fig. 45(b)) indicate that a minimum approach speed of
195 knots, which corresponds to approximately an angle
of attack of 7°, would be needed to satisfy the 30-knot
crosswind requirement. An interesting observation is that
the original planform required an approach speed of
196 knots, which also occurred at approximately an
angle of attack of 7°. As can be seen from figures 34, 40,
and 43, both planforms have almost the same levels of
roll control and lateral stability for this angle of attack so
this result is not surprising.

Summary of Results

Results from a low-speed wind tunnel investigation
of two leading-edge flap systems for a High-Speed Civil
Transport type configuration can be summnarized as
follows:

1. Although predictions from the AERO2S analysis
code provide a good indication of the potential
untrimmed leading-edge suction improvements obtain-
able for attached-flow flaps, experimental optimization
can improve the results.

2. The combination of inboard and outboard leading-
edge flaps and trailing-edge flaps provide significant



improvements in wing performance over the configura-
tion with flaps undeflected.

3. Combined inboard and outboard leading-edge
flaps provide significantly larger improvements in wing
performance over either inboard or outboard leading-
edge flaps alone.

4. A complete wing and high-lift system design uti-
lizing state-of-the-art design and analysis codes can
result in significant improvements in aerodynamic per-
formance over the methods available 25 years ago. This
improvement results from optimizing both flap geometry
and flap deflections.

5. Addition of a horizontal tail has minimal impact
on the longitudinal stability characteristics of this
configuration.

6. Deflection of leading- and trailing-edge flaps can
improve crosswind landing performance.

7. More effective roll control is needed to overcome
the high levels of lateral stability characteristic of this
type of configuration in order to achieve required cross-
wind landing performance.

NASA Langley Research Center
Hampton, VA 23681-0001
August 13, 1996
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Overallength, ft . ... ... ..
Original planform
Wing:
Reference area, ft2. .. . ... ... ....uuuuuieinn... 98.94
Span, ft. ... 13.55
Mean aerodynamic chord, ft ................................. 9.84
ASPECLIAtiO . ..ot e 1.86
Inboard leading-edge sweep,deg .............. .. ... 71.00
Outboard leading-edge sweep, deg . ..............cooounn. ... 57.00
Inboard flap area (each), O 0.97
Outboard flap area (each), ft? ................cocoiiinnnn..... 2.08
Aileron area (each), ft2 .. ... ...\ 1.08
Moment reference center, percent ¢ ..............vvuurnnenn... 0.52
Leading-edge flap:
Root chord (fuselage side), ft................................. 1.57
Breakchord, ft... ... ... . ... . ... . 0.68
Tipchord, ft. ... ... . 0.38
Horizontal tail:
Atea, ft2 . 7.82
Span, ft. ... 3.96
ASPECLIAtio . ...\ttt e 2.00
Leading-edgesweep,deg. . . .. ... ..ottt 50.
Rootchord, ft....... ... i 342
Tipchord, ft.......... . 0.53
Vertical tail:
Area, ft2 .. 7.00
Span, ft. . ..o 2.51
ASPECLIAtio . ...ttt i e e 0.90
Leading-edgesweep,deg. .. ...... ..., 50.00
Rootchord, ft. ... ... 446
Tipchord, ft. . ... . 1.12
Rudder area, ft> . .. ... ......ooiiii 2.03
Ventral:
Area, ft2 ... 0.74
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Table 1. Geometric Characterisitics of Model

Modified planform

102.78
13.55
9.35
1.79
68.00
58.00
0.97
2.08
1.08
0.48

0.78
1.63
0.63

7.82
3.96
2.00
50.00
342
0.53

7.00
2.51
0.90
50.00
446
1.12
203

0.74



Table II. Locations of Pressure Port

(a) Baseline wing

Station 1: 2y/b = 0.125

Station 2: 2y/b = 0.263

Station 3: 2y/b = 0.492

Station 4: 2y/b = 0.638

Station 5: 2y/b =0.877

x/c Surface x/c Surface xlc Surface x/c Surface xfc Surface

LE flap LE flap LE flap LE flap LE flap
0.116 Lower 0.143 Lower 0.230 Lower 0.171 Lower 0.215 Lower
0.094 Lower 0.114 Lower 0.185 Lower 0.131 Lower 0.166 Lower
0.071 Lower 0.085 Lower 0.138 Lower 0.099 Lower 0.123 Lower
0.048 Lower 0.056 Lower 0.092 Lower 0.066 Lower 0.082 Lower
0.025. Lower 0.027 Lower 0.046 Lower 0.034 Lower 0.040 Lower
0.008 Lower 0.006 Lower 0.012 Lower 0.008 Lower 0.000
0.005 Lower 0.003 Lower 0.005 Lower 0.003 Lower 0.018 Upper
0.004 Lower 0.002 Lower 0.002 Lower 0.002 Lower 0.038 Upper
0.000 0.000 : 0.000 0.000 0.060 Upper
0.001 Upper 0.0001 Upper 0.001 Upper 0.002 Upper 0.080 Upper
0.003 Upper 0.001 Upper 0.003 Upper 0.003 Upper 0.122 Upper
0.006 Upper 0.004 Upper 0.011 Upper 0.008 Upper 0.164 Upper
0.012 Upper 0.012 Upper 0.023 Upper 0.016 Upper 0.182 Upper
0.023 Upper 0.027 Upper 0.046 Upper 0.032 Upper Wing
0.035 Upper 0.041 Upper 0.069 Upper 0.050 Upper 1.000 Lower
0.036 Upper 0.056 Upper 0.092 Upper 0.066 Upper 0.900 Lower
0.069 Upper 0.084 Upper 0.138 Upper 0.098 Upper 0.800 Lower
0.092 Upper 0.113 Upper 0.184 Upper 0.130 Upper 0.750 Lower
0.104 Upper 0.127 Upper 0.207 Upper 0.147 Upper 0.700 Lower
Wing Wing : Wing Wing 0.650 Lower
1.000 0.800 Lower 0.700 Lower 0.600 Lower 0.600 Lower
0.900 Lower 0.700 Lower 0.600 Lower 0.500 Lower 0.500 Lower
0.850 Lower 0.600 Lower 0.500 Lower 0.400 Lower 0.400 Lower
0.800 Lower 0.500 Lower 0.400 Lower 0.300 Lower 0.300 Lower
0.700 Lower 0.400 Lower 0.300 Lower 0.250 Lower 0.250 Lower
0.600 Lower 0.300 Lower 0.250 Lower 0.200 Lower 0.220 Upper
0.500 Lower 0.200 Lower 0.270 Upper 0.175 Lower 0.250 Upper
0.400 Lower 0.150 Lower 0.300 Lower 0.150 Upper 0.300 Upper
0.300 Lower 0.200 Upper 0.350 Upper 0.175 Upper 0.350 Upper
0.200 Lower 0.250 Upper 0.400 Upper 0.200 Upper 0.400 Upper
0.150 Lower 0.350 Upper 0.450 Upper 0.220 Upper 0.450 Upper
0.125 Lower 0.400 Upper 0.500 Upper 0.250 Upper 0.500 Upper
0.125 Upper 0.450 Upper 0.550 Upper 0.270 Upper 0.600 Upper
0.150 Upper 0.500 Upper 0.600 Upper 0300 Upper 0.650 Upper
0.200 Upper 0.550 Upper 0.650 Upper 0.350 Upper 0.690 Upper
0.250 Upper 0.600 Upper 0.700 Upper 0.400 Upper 0.750 Upper
0.300 Upper 0.650 Upper 0.750 Upper 0.450 Upper 0.800 Upper
0.350 Upper 0.700 Upper 0.800 Upper 0.500 Upper 0.850 Upper
0.400 Upper 0.750 Upper 0.850 Upper 0.550 Upper 0.900 Upper
0.450 Upper 0.800 Upper TE flap 0.600 Upper 0.950 Upper
0.500 Upper 0.850 Upper 1.000 Lower 0.650 Upper
0.550 Upper TE flap 0.982 Lower TE flap
0.600 Upper 1.000 Lower 0.936 Lower 1.000 Lower
0.650 Upper 0.987 Lower 0.900 Lower 0.976 Lower
0.700 Upper 0.958 Lower 0.873 Lower 0917 Lower
0.750 Upper 0.933 Lower 0.836 Lower 0.871 Lower
0.800 Upper 0.914 Lower 0.827 Lower 0.836 Lower
0.850 Upper 0.890 Lower 0.820 Upper 0.790 Lower
0.500 Upper 0.884 Lower 0.823 Upper 0.779 Lower
0.950 Upper 0.878 Upper 0.838 Upper 0.767 Upper

0.881 Upper 0.837 Upper 0.773 Upper

0.885 Upper 0.856 Upper 0.779 Upper

0.891 Upper 0.873 Upper 0.790 Upper

0.903 Upper 0.901 Upper 0.813 Upper

0.915 Upper 0.937 Upper 0.836 Upper

0.933 Upper 0.955 Upper 0.871 Upper

0.950 Upper 0.982 Upper 0918 Upper

0.970 Upper 0.941 Upper

0.988 Upper 0.976 Upper

13



Table II. Concluded

(b) Modified wing
Station 1: 2y/b = 0.125 Station 2: 2y/b = 0.263 Station 3: 2y/b = 0.492 , Station 4: 2y/b = 0.638 ﬁtation 5:/b=0.877
x/c Surface x/c Surface x/c Surface xlc Surface xlc Surface
LE flap LE flap LE flap LE flap LE flap
0.069 Lower 0.122 Lower 0.230 Lower “ 0314 Lower A 0.443 Lower
0.050 Lower 0.114 Lower 0.185 Lower 0.171 Lower 0.215 Lower
0.035 Lower 0.085 Lower 0.138 Lower 0.131 Lower 0.166 Lower
0.023 Lower 0.056 Lower 0.092 Lower 0.099 Lower 0.123 Lower
0.012 Lower 0.027 Lower 0.046 Lower 0.066 Lower 0.082 Lower
0.003 Lower 0.006 Lower 0.012 Lower 0.034 Lower 0.040 Lower
0.000 0.002 Lower 0.005 Lower 0.008 Lower 0.000
0.008 Upper 0.000 0.002 Lower 0.003 Lower 0.018 Upper
0.025 Upper 0.004 Upper 0.000 0.000 0.038 Upper
0.048 Upper 0.012 Upper 0.001 Upper 0.003 Upper 0.060 Upper
0.065 Upper 0.027 Upper 0.003 Upper 0.008 Upper 0.080 Upper
Wing 0.041 Upper 0.011 Upper 0.016 Upper 0.122 Upper
1.000 0.056 Upper 0.023 Upper 0.032 Upper || 0.164 Upper
0.895 Lower 0.084 Upper 0.046 Upper 0.050 Upper Wing
0.842 Lower 0.113 Upper 0.069 Upper 0.066 Upper 1.000 Lower
0.789 Lower Wing 0.092 Upper 0.098 Upper 0.929 Lower
0.684 Lower 0.795 Lower 0.138 Upper 0.130 Upper 0.858 Lower
0.579 Lower 0.693 Lower 0.184 Upper 0.147 Upper 0.822 Lower
0.473 Lower 0.590 Lower 0.207 Upper Wing 0.787 Lower
0.368 Lower 0.488 Lower Wing 0.669 Lower 0.751 Lower
0.263 Lower 0.385 Lower 0.716 Lower I 0.586 Lower 0.716 Lower
0.158 Lower 0.283 Lower 0.622 Lower 0.504 Lower 0.645 Lower
0.105 Lower 0.181 Lower 0.527 Lower 0.421 Lower 0.574 Lower
0.079 Lower 0.129 Lower 0.433 Lower 0.380 Lower 0.503 Lower
0.079 Upper 0.181 Upper 0.338 Lower 0.338 Lower 0.467 Lower
0.105 Upper 0.232 Upper 0.291 Lower 0.318 Lower 0.446 Upper
0.158 Upper 0.334 Upper 0310 Upper 0.297 Upper 0.467 Upper
0.210 Upper 0.385 Upper 0338 Lower 0318 Upper 0.503 Upper
0.263 Upper 0.437 Upper 0.385 Upper 0.338 Upper 0.538 Upper
0.316 Upper 0.488 Upper 0.433 Upper 0.355 Upper 0.574 Upper
0.368 Upper 0.539 Upper 0.480 Upper 0.380 Upper 0.609 Upper
0.421 Upper 0.590 Upper 0527 Upper 0.396 Upper 0.645 Upper
0.473 Upper 0.642 Upper 0.574 Upper 0.421 Upper 0.716 Upper
0.526 Upper || 0.693 Upper 0.622 Upper 0.462 Upper 0.751 Upper
0.579 Upper 0.744 Upper 0.669 Upper 0.504 Upper h 0.780 Upper
0.631 Upper 0.795 Upper 0.716 Upper 0.545 Upper 0.822 Upper
0.684 Upper 0.846 Upper 0.764 Upper 0.586 Upper 0.858 Upper
0.737 Upper TE flap 0.811 Upper 0.628 Upper 0.893 Upper
0.789 Upper 1.000 Lower 0.858 Upper 0.669 Upper 0.929 Upper
0.842 Upper 0.987 Lower TE flap 0.711 Upper 0.964 Upper
0.895 Upper 0.957 Lower 1.000 Lower TE flap
0.947 Upper 0.931 Lower 0.983 Lower 1.000 Lower
0912 Lower 0.940 Lower || 0.980 Lower ||
0.887 Lower 0.905 Lower 0.931 Lower
0.881 Lower 0.880 Lower 0.893 Lower
0.875 Upper 0.845 Lower 0.864 Lower
0.878 Upper 0.836 Lower 0.826 Lower
0.882 Upper 0.830 Upper 0.817 Lower
0.888 Upper 0.833 Upper 0.807 Upper
0.901 Upper 0.847 Upper 0.812 Upper
0.913 Upper 0.846 Upper 0.817 Upper
0.931 Upper 0.864 Upper 0.826 Upper
0.949 Upper 0.880 Upper 0.845 Upper
0.969 Upper 0.906 Upper 0.864 Upper
0.988 Upper 0.940 Upper 0.893 Upper
0.958 Upper 0932 Upper
0.983 Upper 0.951 Upper
0.980 Upper
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Table III. Leading-Edge Flap Deflections Tested

dy,. deg, for segment—

Deflection name 1 2 3 4 5 6
LEF1
Schedule R (ref. 6) 13 34 35 35 19 29
AERO?2S optimized 18 29 38 44 40 43
1.10 AERO2S optimized 20 32 42 48 44 47
0.90 AERO2S optimized 16 26 34 40 36 39
0.90 to 1.10 AERO2S optimized (mod 1) 16 28 39 44 42 47
1.10 to 0.90 AERO?2S optimized (mod 2) 20 31 38 44 38 39
No relation to AERO2S optimized (mod 3) | 29 34 39 44 42 39
LEF2
AEROQ?2S optimized 25 32 37 41 28 33
0.95 AERO2S optimized 24 30 35 39 27 31
1.10 to 0.95 AERO?2S optimized (mod 2) 28 34 37 41 27 31
1.45 to 0.95 AERO2S optimized (mod 3) 36 46 45 43 31 31
1.45 to 0.95 AERO2S optimized 36 46 45 43 31 31
(mod 4, gap filled between seg 4 and 5)
Mod 5 31 31 31 31 31 31
Mod 6 31 31 31 31 23 23

15
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BL 35.80
BL 26.00
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(a) Three-view sketch of model.

Figure 1. Sketches of model geometry. Linear dimensions are in feet.
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Section A-A

t}l:
Trailing-edge flap SN o
~
Section B-B h \\\\ 30°

(b) Details of flap geometry.

Figure 1. Concluded.

17



Figure 2. Location of pressure port rows.

L-92-11467

Figure 3. Model in Langley 30- by 60-Foot Tunnel.
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O  Experimental data

p

Figure 4. Graphical depiction of leading-edge suction parameter.
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LE sweeps, deg

B OB
Original 71 57
F1 1 57
F2 69 57
F3 674 615
LEF2 68 58
Fi F2 F3 LEF2

(a) Modified flaps and original geometry.

A4 —— LEF1
- — - LER2
3k
cf
< 2r
1F
0

(b) Original flap chord distribution and final modified flap chord distribution.

Figure 5. Details of wing modifications.
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(a) Lift, pitching moment, and suction parameter.

Figure 6. Effect of leading-edge flap deflection on longitudinal characteristics for WBNLEF1. §,, = 13°.
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Figure 6. Concluded.
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(b) Drag polar.




5. deg, for —
Seg1 Seg2 Seg3 Seg4 Seg5 Seg6
18 29 38 44 40 43  AERO2S
16 26 34 40 36 39 0.90 AERO2S
20 32 42 48 44 47 110 AERO2S

16 28 39 44 42 47 090t 1.10 AERO2S
20 31 38 44 38 39 1.10to0.90 AERO2S

F>OO0

1.0

24

.20

.16

12
Cn .08

-.04

IBREGLEE SRS SEREE LR BEEE BEARE BRI

-08 A 1 L 1 L 1 L

25

TTTT

20

15

TT YT T 7Ty

o, deg 10

TTTT

T Ty

0 l,,("/

-5
0 2 4 6 K: 1.0 1.2
L

K
N

(a) Lift, pitching moment, and suction parameter.

Figure 7. Effect of perturbations about AERO2S leading-edge flap design deflections for WBNLEF1. §,, = 13°.
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Figure 7. Concluded.

o 18 29 38 44 40 43  AERO2S

o 16 26 34 40 36 39 0.90AERO2S

o 20 32 42 48 44 47  1.10 AERO2S

A 16 28 39 4 42 47 090to1.10 AERO2S
N 20 31 38 44 38 39 1.10t00.90 AERO2S

3 .5
Cp
(b) Drag polar.
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Figure 8. Variation of L/D with leading-edge suction parameter. Data from reference 11.

25



3, deg

10
13
20
30

|z R o s o]

1.0

%
bl
/
/

0 .
24
20F
16 F L 5
12F - -
Cn 08F ,O'/O/o%/ 7 A?y}
[ 3
e L
ok g—o10—0—1 ch__—-i:'—,v:—:% ot
: Mo—o—2 X ,,,_,_A._-A/"'*/_/—tl
-04F A e
08— s

20F v

\
N
§

15

Y

o, deg 10

sk e

e =
P %

.2 0 2 4 6
<

\,

00
—
(=]

1.2

(a) Leading-edge flaps undeflected.

Figure 9. Effect of trailing-edge flap deflection on longitudinal characteristics for WBNLEF1.,
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(b) Leading-edge flaps deflected 20°, 31°, 38°, 44°, 38°, and 39° (1.10 to 0.90 AERO2S).

Figure 9. Concluded.
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Figure 10. Effect of symmetric aileron deflection on longitudinal characteristics for WBNLEF1. O = 13°; leading-edge

flaps deflected 20°, 31°, 38°, 44°, 38°, and 39° (1.10 to 0.90 AERO2S).
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(a) Leading- and trailing-edge flaps undeflected.

Figure 11. Effect of component buildup on longitudinal characteristics for LEF1.
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(b) Leading-edge flaps deflected 20°, 31°, 38°, 44°, 38°, and 39° (1.10 to 0.90 AERO2S); §,, = 13°.
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(a) Leading- and trailing-edge flaps undeflected.

Figure 12. Effect of horizontal tail deflection on longitudinal characteristics for WBNHVLEFI.
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8, deg, for —
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(a) Lift, pitching moment, and suction pararmeter.

Figure 13. Effect of perturbations about AERO2S leading-edge flap design deflections for WBNLEF?2. 5, = 15°.
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(b) Drag polar.

Figure 13. Concluded.
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Figure 14. Effect of gap filler between leading-edge flap segments 4 and 5 on longitudinal characteristics. WBNLEF2;
3,. = 15°; leading-edge flaps deflected 36°, 46°, 45°, 43°, 31°, and 31° (1.45 to 0.95 AERO2S).
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(a) Leading-edge flaps undeflected.

Figure 15. Effect of trailing-edge flap deflection on longitudinal characteristics for WBNLEF2.
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(b) Leading-edge flaps deflected 36°, 46°, 45°, 43°, 31°, and 31° (1.45 to 0.95 AERO2S); gap between leading-edge
flap segments 4 and 5 filled.

Figure 15. Concluded.
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Figure 16. Effect of symmetric aileron deflection on longitudinal characteristics for WBNLEF2. 3. = 15°; leading-edge
flaps deflected 36°, 46°, 45°, 43°, 31°, and 31° (1.45 to 0.95 AERO2S); gap between leading-edge flap segments 4
and 5 filled.

38



1.0

24
20
16
12
Cm 08
04

-.04
-.08

20

15

a, deg 10

5

Seg 1 Seg2 Seg3 Seg4 Seg5 Seg6
0 0 0 0 0
46 45 43 31 31
46 45 43 0 0
0 0 0 31 31

0
36
36

0

>0 00

3,,, deg, for —

Zero

1.45 10 0.95 AERO2S

Qutboard zero
Inboard zero

] O—0

| /

: Pz
: //ggf?//“’/

: e

é =

§ mé%

L | | | |

1.2

Figure 17. Effect of inboard and outboard leading-edge flap deflections on longitudinal characteristics. WBNLEFZ2;

8y = 15°.
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Figure 18. Effect of component buildup on longitudinal characteristics for LEF2,
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(b) Leading-edge flaps deflected 36°, 46°, 45°, 43°, 31°, and 31° (1.45 to 0.95 AERO2S); gap between leading-edge
flap segments 4 and 5 filled; §,, = 15°.

Figure 18. Concluded.
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Figure 19. Effect of horizontal tail deflection on longitudinal characteristics for WBNHVLEF?2. Leading-edge flaps

deflected 36°, 46°, 45°, 43°, 31°, and 31° (1.45 to 0.95 AERO2S); gap between leading-edge flap segments 4 and 5
filled; §,, = 15°.
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Figure 21. Untrimmed predicted and experimental leading-edge suction parameter results. C 1 =05.
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Figure 22. Pressure distribution for WBNLEF1 with §;, = &,, = 0°.
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Figure 23. Pressure distribution for WBNLEF1 with §,, = 13°. Leading-edge flaps deflected 20°, 31°, 38°, 44°, 38°,

and 39° (1.10 to 0.90 AERO2S).
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Figure 28. Pressure distribution for WBNLEF2 with leading-edge flaps deflected 36°, 46°, 45°, 43°, 31°, and 31°
(1.45 to 0.95 AERO2S), gap between leading-edge flap segments 4 and 5 filled, and §,, = 15°.
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Figure 29. Pressure distribution for WBNLEF2 with leading-edge flaps deflected 36°, 46°, 45°, 43°, 31°, and 31°
(1.45 to 0.95 AERO2S), gap between leading-edge flap segments 4 and 5 filled, §,, = 15°, and 3, ; = 10°.
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Figure 30. Pressure distribution for WBNLEF2 with leading-edge flaps deflected 36°, 46°, 45°, 43°, 31°, and 31°
(1.45 to 0.95 AERO2S), gap between leading-edge flap segments 4 and 5 filled, 8, = 15°, and 8, ; = 20°.
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Figure 31. Effect of component buildup on lateral-directional characteristics for LEF1. ), = §,, = 0°.
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Figure 32. Effect of leading- and trailing-edge flap deflection on lateral-directional characteristics. All control surfaces
Zero.
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Figure 33. Effect of differential aileron deflection on lateral-directional characteristics for WBNLEF1.
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Figure 33. Concluded.
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Figure 34. Effect of leading- and trailing-edge flap deflection on aileron control power for WBNLEF]. §, = —20°.
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Figure 36. Effect of rudder deflection on lateral-directional characteristics for WBNHVLEF1.
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Figure 37. Effect of leading- and trailing-edge flap deflection on rudder control power for WBNHVLEF1. §_ = -25°.
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Figure 38. Effect of component buildup on lateral-directional characteristics for LEF2. &;, = §,, = 0°.
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Figure 39. Effect of leading- and trailing-edge deflection on lateral-directional characteristics for WB’'NHV*LEF2. Gap
filled between leading-edge flap segments 4 and 5; all control surfaces zero.
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Figure 40. Lateral-directional characteristics of original and modified wing leading-edge configurations. WBNHYV.
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Figure 41. Effect of fuselage forebody on lateral-directional characteristics. Leading-edge flaps deflected 36°, 46°, 45°,
43°, 31°, and 31° (1.45 to 0.95 AERO2S); §,, = 15°; gap filled between leading-edge flap segments 4 and 5; all
control surfaces zero.
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Figure 42. Effect of differential aileron deflection on lateral-directional characteristics for WBNLEF2.
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(b) Leading-edge flaps deflected 36°, 46°, 45°, 43°, 31°, and 31° (1.45 to 0.95 AEROQ2S); §,, = 15°; gap filled between
leading-edge flap segments 4 and 5.

Figure 42. Concluded.
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Figure 43. Effect of leading- and trailing-edge flap deflection on aileron control power for WBNLEF2. Gap filled
between leading-edge flap segments 4 and 5; §, = -20°.
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Figure 44. Effect of rudder deflection on lateral-directional characteristics for WBNHVLEF2. Leading-edge flaps
deflected 36°, 46°, 45°, 43°, 31°, and 31° (1.45 to 0.95 AERO2S); §,, = 15°; gap filled between leading-edge flap
segments 4 and 5.
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(b) Leading-edge flaps deflected 36°, 46°, 45°, 43°, 31°, and 31° (1.45 to 0.95 AERO2S); 3, = 15°; gap filled between

leading-edge flap segments 4 and 5.

Figure 45. Effect of leading- and trailing-edge flap deflection on minimum approach speed for WBNLEF2.
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